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We investigate the influence of a quantized photon field on thermoelectric transport of electrons through
a quantum wire embedded in a photon cavity. The quantum wire is connected to two electron reservoirs at
different temperatures leading to a generation of a thermoelectric current. The transient thermoelectric current
strongly depends on the photon energy and the number of photons initially in the cavity. Two different regimes
are studied, off-resonant and resonant polarized fields, with photon energy smaller than, or equal to the energy
spacing between some of the lowest states in the quantum wire. We observe that the current is inverted for the
off-resonant photon field due to participation of photon replica states in the transport. A reduction in the current
is recorded for the resonant photon field, a direct consequence of the Rabi-splitting.
INTRODUCTION
Thermoelectric transport is a subject of intense study for fu-
ture energy harvesting devices [1, 2]. Low-dimensional elec-
tronic systems have a potential to improve thermoelectric ef-
ficiency compared to bulk electronic materials due to their
highly peaked density of states for system sizes in the range
of nanometers [3]. A thermoelectric current (TEC) can be
generated by a temperature gradient ∆T in an electronic sys-
tems. In the linear response regime, the temperature gradient
approaches zero and the thermoelectric efficiency is character-
ized by the dimensionless figure of merit ZT [4]. In the non-
linear response regime, the thermoelectric efficiency is repre-
sented by the bias voltage ∆V generated by ∆T [5]. In both
regimes, the thermal efficiency can be high in nanodevices.
Since the 1990’s, the thermoelectric transport has been in-
vestigated in several quantum systems, such as single quan-
tum dots [6–8], double quantum dots [9], and quantum
wires [10]. The Coulomb interaction between charge carri-
ers influences the thermal transport through a quantum dot
and forms plateaus in the TEC [11]. The thermoelectric ef-
fect through a serial double quantum dot weakly coupled to
ferromagnetic leads has been investigated, and the influence
of temperature and inter-dot tunneling on the figure of merit
has been demonstrated [12].
Another interesting aspect of this issue is the importance of
photon radiation to control thermal transport. Recently, time-
dependent photon radiation has been used to enhance the heat
and thermoelectric transport [13, 14]. Photonic heat current
through an arbitrary circuit element coupled to two dissipa-
tive reservoirs has been explored at finite temperatures [15].
Transfer of heat via photons between two metals is reported
to study photonic power where the metals are coupled by a
circuit containing linear reactive impedance [16].
Here, we describe the TEC in a quantum wire coupled to
two electron reservoirs with different temperatures and the
same chemical potential. The temperature gradient causes
electron flow from the leads to the quantum wire and vice
versa. In addition, the quantum wire is coupled to a cavity
field with photons polarized in the direction of electron prop-
agation in the quantum wire. A generalized master equation
is used to calculate the time-dependent evolution of electrons
in the quantum wire [17, 18]. We show how TEC can be con-
trolled by cavity parameters such as the photon energy in off-
resonant and on-resonant photon fields.
METHOD AND THEORY
We assume a short quantum wire is formed in a two-
dimensional electron gas in the x- and y-plane. The quantum
wire is hard-wall confined at the ends in the x-direction and
parabolically confined in the y-direction. The wire with length
Lx = 150 nm is weakly coupled to two leads held at differ-
ent temperatures. The total system is exposed to an external
perpendicular static magnetic field B = 0.1 T with cyclotron
energy ~ωc = 0.172 meV. The transverse confinement energy
of the electrons in the quantum wire is equal to that of the
leads ~Ω0 = ~Ωl = 2.0 meV, where l refers to the left (L),
or the right (R) lead. The effective confinement frequency is
Ωw =
√
Ω2
0
+ ω2c . The photons in the cavity are linearly po-
larized in the x-direction. We tune the photon energy, and the
number of photons initially in the cavity to control the tran-
sient TEC in the quantum wire.
Fig. 1 shows a schematic diagram of the quantum wire
(white color) coupled to the left lead (red color) with tem-
perature TL, and the right lead (blue color) with temperature
TR. The red zigzag arrows indicate the polarized photon field.
The time-evolution of the many-body density operator of
the system is governed by the Liouville-von Neumann equa-
tion. Due to its complexity a generalized master equation for
the reduced density operator is derived by projecting the sys-
tem description onto the central system, the short quantum
wire [19, 20]. As we are dealing with off- and on-resonance
processes we include both the para- and the diamagnetic
electron-photon interactions without the rotating wave ap-
proximation [21]. The electron-electron and the electron-
photon interactions are treated by exact diagonalization in ap-
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FIG. 1. (Color online) Schematic diagram of a quantum wire (white
color) connected to a left lead (pink color) with temperature TL, and
a right lead (blue color) with temperature TR. The photon field is
represented by the red zigzag arrows.
propriately truncated Fock-spaces. Our interest in the tran-
sient behavior of the system requires a non-Markovian ap-
proach valid to a weak coupling of the leads to the central
system [22].
Off-resonance photon field
In this section, we assume the photon energy is smaller than
the energy spacing between the three lowest energy states of
the quantum wire. For instance, the photon energy is ~ωγ <
E1−E0 whereE0(E1) is the energy of the ground state (first-
excited state) of the quantum wire, respectively.
Figure 2(a) shows the energy spectrum versus electron-
photon coupling strength gγ , where 0ES (golden circles) are
zero-electron states, 1ES (blue squares) are one-electron states
and the horizontal lines (red lines) indicate the location of the
resonance condition for the lowest three one-electron states
with the chemical potentials of the leads, µL = µR = Eµ,
at gγ = 0. We start with no electron-photon coupling,
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FIG. 2. (Color online) Energy spectrum of the quantum wire versus
electron-photon coupling strength gγ . 0ES (golden circles) are zero-
electron states, 1ES (blue squares) are one-electron states and the
horizontal lines (red lines) display the location of the resonances of
the leads with the three lowest one-electron states in the case of off-
resonance (a) and resonance (b) photon field. The photon energy is
~ωγ = 0.3 meV, Nγ = 2, and the photons are linearly polarized
in the x-direction. The magnetic field is B = 0.1 T, and ~Ω0 =
2.0 meV.
gγ = 0.0 meV. In this case, we concentrate our attention
on the three lowest states in a selected range of the energy
spectrum: the ground state, the first-excited state, and the
second-excited state with energy values E0 = 1.25 meV,
E1 = 1.99 meV, and E2 = 3.23 meV, respectively. In the
presence of electron-photon coupling with off-resonant pho-
ton field, photon replicas of the above mentioned three states
are formed. The separation between the photon replica states
is approximately equal to the photon energy for the selected
values of the electron-photon coupling strength used here.
The photon replicas play an important role in the thermoelec-
tric transport.
Figure 3 demonstrates the TEC (a) and the occupation (b)
for the three lowest states of the quantum wire in the case of no
electron-photon coupling, gγ = 0.0 meV. We fix the tempera-
ture of the right lead at kBTR = 0.05 meV, and vary the tem-
perature of the left lead to kBTL = 0.1 (blue diamonds), 0.15
(green squares) and 0.25 meV (golden circles). In Fig. 3(a)
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FIG. 3. (Color online) TEC (a), and occupation (b) as functions of
the chemical potential µ = µL = µR plotted at time t = 220 ps.
The temperature of the right lead is fixed at TR = 0.58 K imply-
ing thermal energy 0.05 meV, and varying the temperature of the left
lead to TL = 1.16, 1.742 and 2.901 K implying thermal energies
0.1 (blue diamonds), 0.15 (green squares), and 0.25 meV (golden
circles), respectively. The red vertical lines show the resonance con-
dition for the ground state at µ = 1.25 meV, the first-excited state at
µ = 1.99 meV, and the second-excited state at µ = 3.23 meV, re-
spectively. The magnetic field is B = 0.1 T, and ~Ω0 = 2.0 meV.
the TEC as a function of chemical potential µ = µL = µR is
plotted at time t = 220 ps. At this time point the system is in
the late transient regime very close to a steady state. The con-
cept of a TEC can be loosely explained as being related to the
Fermi functions of the leads. The TEC is zero in the follow-
ing cases: half filling, where the Fermi function of the leads is
equal to 0.5, and integer filling, where the Fermi function of
the leads is either 0 or 1 [6].
For instance, the TEC is zero at µ = 1.25 meV corre-
sponding to approximately half filling of the ground state as
is shown in Fig. 3(b). In addition, the TEC is again zero at
µ = 0.7 and 1.7 meV for the integer filling of occupation 0
3and 1, respectively.
In the presence of a higher temperature of the left lead
at kBTL = 0.25 meV, a shifting in the TEC is observed
for the first-excited state at µ = 1.99 meV. The current de-
viation occurs due to an increased thermal smearing at the
higher temperature. In this case, both the ground state and
the first-excited state participate in the electron transport at
µ = 1.99 meV. Therefore, the current becomes negative, in-
stead of the zero value at a lower termperature.
Furthermore, we notice that the second-excited state of the
quantum wire is in resonance with the second subband of
the leads. The wavefunction of the second-excited state of
the central system is symmetric in the y-direction while the
wavefunctions of the second subband of the leads are anti-
symmetric in the y-direction. The electron transport from a
symmetric to an anti-symmetric state or vice versa is not al-
lowed due to the geometry sensitive function that describes
the coupling between the quantum wire and the leads [17, 23].
Therefore, a plateau in the current is formed for the second-
excited state around µ = 3.23 meV.
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FIG. 4. (Color online) TEC as a function of the chemical poten-
tial µ = µL = µR plotted at time t = 220 ps without pho-
ton cavity gγ = 0.0 meV (blue diamonds), and with photon cav-
ity for the electron-photon coupling strength gγ = 0.05 (green
squares), 0.10 (golden triangles), and 0.15 meV (red circles) in the
case of off-resonance (a) and resonance (b) photon field. The pho-
ton energy is ~ωγ = 0.3 meV and the photons are linearly polar-
ized in the x-direction. The temperature of the left (right) lead is
fixed at TL = 1.16 K (TR = 0.58 K) implying thermal energy
kBTL = 0.10 meV (kBTR = 0.05 meV), respectively. The mag-
netic field is B = 0.1 T, and ~Ω0 = 2.0 meV.
Now, we assume the quantum wire is embedded in a photon
cavity with a photon mode of energy ~ωγ = 0.3 meV, and the
cavity initially contains two photons Nγ = 2. The photons
are linearly polarized in the x-direction. The photon energy is
smaller than the energy spacing between the ground state and
the first-excited state on one hand, and the first-excited state
and the second-excited state on the other hand. This means
that the system is off-resonant with respect to the photon field.
The energy spectrum of the quantum wire embedded in the
cavity with off-resonant photon field was shown in Fig. 2(a).
The TEC as a function of the chemical potential of the leads
is displayed in Fig. 4(a) for the system without a photon cav-
ity gγ = 0.0 meV (blue diamonds), and with a photon cavity
for the electron-photon coupling strength gγ = 0.05 (green
squares), 0.10 (golden triangles), and 0.15 meV (red circles)
in the case of off-resonant photon field at time t = 220 ps.
We observe that the current through the ground state is al-
most unchanged in the presence of a photon cavity, but the
characteristics of the TEC of the first-excited state and the
second-excited state are drastically modified. The influence
of cavity photon field is to invert the TEC from ‘positive’ to
‘negative’ values or vice versa around the first-excited state at
µ = 1.99 meV. The two photon replica of the ground state at
µ = 1.84 meV contributes to the electron transport with the
first-excited state leading to the current flip from ‘positive’ to
‘negative’ values. In addition, the two photon replica of the
first-excited state around µ = 2.59 meV becomes active in
the transport. Therefore, the TEC is inverted from ‘negative’
to ‘positive’ values around µ = 2.1 meV.
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FIG. 5. (Color online) TEC as a function of the chemical poten-
tial µ = µL = µR plotted at time t = 220 ps without photon cavity
gγ = 0.0meV (blue diamonds), and with photon cavity initially con-
taining one photon Nγ = 1 (green squares) and two photons Nγ = 2
(golden triangles) in the case of off-resonance (a) and resonance (b)
photon field. The photon energy is ~ωγ = 0.3 meV and the photons
are linearly polarized in the x-direction. The temperature of the left
(right) lead is fixed at TL = 1.16 K (TR = 0.58 K) implying thermal
energy kBTL = 0.10 meV (kBTR = 0.05 meV), respectively. The
magnetic field is B = 0.1 T, and ~Ω0 = 2.0 meV.
The electron transport is affected around the second-excited
state in the presence of the photon cavity as is shown in Fig.
4(a). This is because the two photon replica of the first-excited
state is getting into resonance with the second subband of the
leads. The two photon replica of the first-excited state has an
4anti-symmetric wavefunction in the y-direction and the wave-
functions of the second subband are anti-symmetric as well.
Consequently, the electrons transfer from the second subband
of the leads to the two photon replica of the first-excited state
of the quantum wire. A TEC is thus generated.
The effects of the initial number of photons on the TEC is
shown in Fig. 5. The off-resonance system (Fig. 5(a)) is rather
insensitive to the exact number of photons in the low energy
regime. This is because both one and two photon replica states
are close to each other in the off-resonant photon field. The
thermal smearing leads to participation of both states in the
electron transport. Therefore, the selected initial photon num-
ber in the cavity does not influence the TEC.
On-resonance photon field
In this section we assume the photon energy is approxi-
mately equal to the energy spacing between the ground-state
and the first-excited state ~ωγ ∼= E1 − E0. The system under
consideration is in resonance with the photon field. The pho-
ton energy is assumed to be ~ωγ = 0.74 meV and the cavity
initially contains one photon, Nγ = 1.
The energy spectrum of the quantum wire as a function
of the electron-photon coupling strength gγ in the presence
of the resonant photon field is displayed in Fig. 2(b), where
0ES (golden circles) are zero-electron states and 1ES (blue
squares) are one-electron states. The horizontal lines (red
lines) display the energy of possible transport resonances. In
the case of no electron-photon coupling at gγ = 0.0 meV the
three states mentioned in the previous section are again found
in the selected range of energy. In the presence of the cavity
field the one photon replica of the ground state is observed
near the first-excited state at gγ = 0.05 meV.
Increasing the electron-photon coupling strength to gγ =
0.15 meV, the one photon replica of the ground state is low-
ered in energy and the first-excited state shifts up. Therefore,
the separation between these two states increases. Similar
splitting in the energy spectrum can be seen in the higher en-
ergy states between 2.5-3.0 meV. The splitting is the Rabi-
splitting.
Figure 4(b) shows TEC versus chemical potential at time
t = 220 ps without a photon cavity gγ = 0.0 meV (blue
diamonds) and with a photon cavity for the electron-photon
coupling strength gγ = 0.05 (green squares), 0.10 (golden
triangles), and 0.15 meV (red circles) in the case of resonant
of the photon field. The temperature of the left lead is fixed
at TL = 1.16 K implying thermal energy kBTL = 0.10 meV
and the temperature of the right lead is assumed to be TR =
0.58 K with thermal energy kBTR = 0.05 meV.
In the resonant photon field, a reduction in the TEC is ob-
served with increasing electron-photon coupling strength. For
gγ = 0.05 meV, the following three states contribute to the
electron transport at µ = 1.10 meV with ‘positive’ current,
and at µ = 1.40 meV with ‘negative’ current: The ground
state, the one photon replica of the ground state, and the
first-excited state. Increasing the electron-photon coupling
strength to gγ = 0.15 meV the first-excited state shifts up
and does not participate in the electron transport. Therefore,
the TEC is suppressed.
The TEC decreases at µ = 1.90 and 2.10 meV around
the first-excited state. The current suppression is due to par-
ticipation of the one photon replica of the first-excited state
with the energy 2.65 meV at gγ = 0.05 meV. But at the
higher electron-photon coupling strength gγ = 0.15 meV
the one photon replica of the first-excited state is not ac-
tive in the transport. This is because it moves up for high
electron-photon coupling strength. Consequently, the TEC
drops down. This reduction in the thermoelectric current is
a direct consequence of the Rabi-splitting of the energy levels
of the system. Earlier, we have established dynamic effects of
the Rabi-splitting on the transport current through the system
at a finite bias voltage [24]. The electrons are getting active in
the transport around the second-excited state. The activation
of the electron transport there is due to the symmetry prop-
erties of the one photon replica of the first-excited state. We
have verified that the TEC flattens out as the temperature of
both leads is increased keeping their temperature difference
constant.
Opposite to the off-resonant system, the initial photon num-
ber in the resonant system can change the TEC substantially,
as is seen in Fig. 5(b). The reason is the larger separation be-
tween photon replica states here. Consequently, the place of
the active photon replicas in the energy spectrum is important
and the initial photon number influences the TEC.
CONCLUSIONS
We studied numerically the thermoelectric transport proper-
ties of a short quantum wire interacting with either off- or on-
resonant cavity-photon field. The quantum wire is assumed to
be connected to two electron reservoirs with different temper-
atures. The temperature gradient accelerates electrons from
the leads to the quantum wire creating a thermoelectric cur-
rent. We showed that a plateau in the current is formed due
to symmetry properties of the energy states of the quantum
wire and the leads in the case of no cavity photon field. By
applying a linearly polarized photon field, the photon replica
states result in an inverted thermoelectric transport in the off-
resonance regime. Moreover, in the on-resonant photon field
the effects of a Rabi-splitting in the energy spectrum appears
leading to a reduction in the thermoelectric current. In both
regimes, the current plateaus that were formed in the absence
of a photon field are removed due to the generation of pho-
ton replica states. Our results point to new opportunities to
experimentally control thermoelectric transport properties of
nanodevices with a cavity photon field.
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